The ubiquitous glutaredoxin protein family is present in both prokaryotes and eukaryotes, and is closely related to the thioredoxins, which reduce their substrates using a dithiol mechanism as part of the cellular defense against oxidative stress. Recently identified monothiol glutaredoxins, which must use a different functional mechanism, appear to be essential in both Escherichia coli and yeast and are well conserved in higher order genomes. We have employed high resolution NMR to determine the three-dimensional solution structure of a monothiol glutaredoxin, the reduced E. coli Grx4. The Grx4 structure comprises a glutaredoxin-like ␣-␤ fold, founded on a limited set of strictly conserved and structurally critical residues. A tight hydrophobic core, together with a stringent set of secondary structure elements, is thus likely to be present in all monothiol glutaredoxins. A set of exposed and conserved residues form a surface region, implied in glutathione binding from a known structure of E. coli Grx3. The absence of glutaredoxin activity in E. coli Grx4 can be understood based on small but significant differences in the glutathione binding region, and through the lack of a conserved second GSH binding site. MALDI experiments suggest that disulfide formation on glutathionylation is accompanied by significant structural changes, in contrast with dithiol thioredoxins and glutaredoxins, where differences between oxidized and reduced forms are subtle and local. Structural and functional implications are discussed with particular emphasis on identifying common monothiol glutaredoxin properties in substrate specificity and ligand binding events, linking the thioredoxin and glutaredoxin systems.
Glutaredoxins are ubiquitous proteins found in most living organisms, from prokaryotes to humans. They employ glutathione (GSH) 1 to catalyze redox-dependent cellular functions, such as transcription and biosynthesis regulation, signal transduction, cell cycle control, and protection against oxidative stress (reviewed in Ref. 1) . The glutaredoxin family of proteins is closely related to the thioredoxins, which reduce their substrates using a dithiol mechanism in a coupled system with NADPH and thioredoxin reductase (TrxR) (2) . The well conserved thioredoxin fold consists of a five-stranded ␤-sheet flanked by four ␣-helices (3), where a hydrophobic surface close to the active site (CGPC) mediates substrate binding. A localized conformational change accompanies oxidation of the dithiol form to the disulfide form (4) .
The glutaredoxins can be divided into two subfamilies according to their active sites: the classic dithiols, with CPXC as the active site and the more recently identified monothiol glutaredoxins, having CXFX as their suggested active site (1, 5, 6) . Careful characterization of dithiol glutaredoxins shows that their main function is the reduction of functionally important protein disulfides, leading to activation and/or inactivation of biological activity. Glutaredoxin targets include the active site of ribonucleotide reductase (reviewed in Refs. 1 and 7), which is essential for DNA synthesis, a disulfide in 3Ј-phosphoadenylyl sulfate reductase (8) , the key enzyme in the reduction of sulfate to sulfite (sulfur assimilation), and the mixed disulfide between arsenate reductase and glutathione forming upon reduction of arsenate to arsenite ions (9) . Glutaredoxins can also maintain the activity of redox-sensitive proteins by deglutathionylating cysteines that may form mixed disulfides with glutathione upon oxidative conditions resulting in loss of biological activity (10, 11) . Several three-dimensional structures of dithiol glutaredoxins have been determined (10, (12) (13) (14) (15) . All of these glutaredoxins contain a thioredoxin-like ␣-␤ fold where the CPXC motif extends from the core in a loop-like structure, and the central ␤-sheet is composed of four strands compared with the five strands in thioredoxins (reviewed in Ref. 1) . Glutathione binding sites have been characterized in atomic detail for human Grx1, Escherichia coli Grx1, and E. coli Grx3, all of which involve covalent linkage of glutathione to the N-terminal cysteine in the active site loop (16 -18) . Furthermore, dithiol glutaredoxins share the common property of reducing small molecular weight disulfides with GSH, as shown in the HED assay (17, 18) .
Recent studies indicate that, despite significant sequence similarities, monothiol glutaredoxin functionality is clearly distinct from that of dithiol glutaredoxins. The monothiol glutaredoxin motif occurs in multidomain arrangements in multicellular eukaryotic species, whereas in lower organisms, only single domain monothiol glutaredoxins have been conserved (19, 20) . The monothiol Grx5 from yeast is localized in the mitochondria and performs thioloxidoreductase activity through deglutathionylation of carbonic anhydrase III (21) (22) (23) . Yeast Grx5 is also required for the activity of Fe-S cluster enzymes (21) , which suggests a role in protecting the cell against oxidative stress by regulating the activity of Fe-S cluster proteins. A Plasmodium falciparum multidomain protein with a monothiol glutaredoxin domain reduces insulin dimers (22) . Neither of these monothiol glutaredoxins reduce small molecular weight disulfides with GSH, and thus appear to lack the classic glutaredoxin activity (22, 23) . Furthermore, no substrate has been found for any of these proteins. Among eukaryotic proteins, the human PICOT protein, which is important in oxidative stress response (20, 24) , contains two monothiol glutaredoxin domains, but their specific functions are still unknown.
The only monothiol glutaredoxin in E. coli, glutaredoxin 4 (Grx4), was recently classified as being essential in a gene footprinting study (25) . In agreement with this, several attempts to produce a knock-out of the gene have failed, which indicates that cells lacking Grx4 are not viable (5) . Recombinantly expressed Grx4 (115 amino acids) is well folded and thermally stable, with similar biophysical properties as Grx1 (5) . Grx4 lacks classic glutaredoxin activity toward small disulfides, and other known substrates for glutaredoxins or thioredoxins such as HED, insulin, and 3Ј-phosphoadenylyl sulfate reductase are not targets for this essential glutaredoxin (5) . Grx4 also differs from the classic glutaredoxins by being a substrate for thioredoxin reductase and not for glutathione (5) . However, Grx4 can be glutathionylated and is deglutathionylated with high selectivity by Grx1 (5). Thus, Grx4 is redoxactive, but with high substrate specificity. This may explain both why normal dithiol glutaredoxins cannot compensate for the activity of the Grx4 monothiol species in E. coli, as was observed for Grx5 in yeast (6) , and why the E. coli Grx4 monothiol is essential for cell growth and viability.
Despite the close sequence homology between the monothiol and dithiol glutaredoxins, the functionality of the monothiol glutaredoxins remains elusive. In particular, the essentiality of the monothiol glutaredoxins, despite their lack of observable activity in the standard glutaredoxin assays (5), is intriguing. The distinct functionalities displayed by the monothiol glutaredoxins suggests that structural modeling of monothiol glutaredoxins using a dithiol template (19) will not adequately predict functionalities of this novel motif. To further characterize the properties of essential monothiol glutaredoxins, we have employed high resolution NMR to determine the three-dimensional structure of a monothiol glutaredoxin, the reduced E. coli Grx4, which is described in this work. Structural and functional implications of the monothiol fold are discussed and analyzed with particular emphasis on substrate specificity and binding events.
MATERIALS AND METHODS
Protein Expression and Sample Preparation-Unlabeled Grx4 was overexpressed in E. coli strain BL21(DE3)grxA Ϫ grxB Ϫ grxC Ϫ using the T7 polymerase/promoter system (pET-15b), as described previously (5) . Isotopically labeled Grx4 was produced in rich growth OD2 media from Silantes, containing primary amino acids, some low molecular weight oligopeptides, and almost no carbohydrates. Cells from an overnight culture of unlabeled Silantes OD2 media were spun down, and the pellet was resuspended in 15 N-or 13 C/ 15 N-labeled Silantes OD2 media containing 100 g/ml ampicillin. Both unlabeled and labeled protein samples were purified as described earlier (5) (26) and from the comparison of signal intensities in a pair of constanttime 15 N, 1 H-HMQC spectra recorded with and without decoupling of the J HNH␣ coupling (27) . NMR data were processed with the program PROSA (28) . All spectra were analyzed, and peaks were integrated with the program XEASY (29) .
Structure Calculation-The program ARIA1.2 (Ambiguous Restraints for Interactive Assignment) (30) , as an extension of CNS1.1, was used to compute the solution structure of Grx4. NOE cross-peaks from the two-dimensional NOESY and three-dimensional NOESY spectra and chemical shift assignments were used as input to ARIA together with 77 backbone angles, which were constrained to Ϫ60°Ϯ 20°, Ϫ120°Ϯ 40°, and Ϫ120°Ϯ 20°for small (Ͻ5.5 Hz), large (8 Ϯ 1 Hz), and very large (Ͼ9 Hz) 3 J HNH␣ couplings, respectively. Floating chirality assignment was used for all methylene and isopropyl groups with separate chemical shifts. The experimentally determined distance and dihedral-angle restraints were applied in a simulated annealing protocol using the program CNS, where the starting structure consisted of an extended structure with random side-chain conformations. Optimization of the structure calculation protocol for ambiguous distance restraints and violation analysis was performed as previously described (31) . The NOEs were calibrated and largely automatically assigned during the structure calculation by ARIA. The NOEs assigned after eight cycles of structure calculation were subjected to a process of manual editing by a careful re-examination of the spectra to improve the quality of the data set used for structure calculations. The new list of 2703 edited NOEs was used as input for a new set of calculations. Finally, backbone torsion angle restraints derived from chemical shifts using TALOS (32) were added to further improve the already converged unique structure. The dihedral angle restraints were taken to be Ϯ2 S.D. values or at least Ϯ 20°from the average values predicted by TALOS. A short molecular dynamics simulation in a thin layer of explicit water was used to refine the final structure ensemble (33) . The resulting 20 energy-minimized conformations were selected to represent the NMR structure of Grx4.
Structure Evaluation-The quality of the structures were evaluated using the PROCHECK (34) and WHATCHECK (35) softwares. The structures were displayed and analyzed using the MOLMOL (36) program, which was also, together with PROCHECK, used to calculate root mean square deviation (r.m.s.d.). WHATIF was used to identify hydrogen bonds from structural criteria as well as tentative hydrogen bonds made possible with minor side-chain adjustments (Optimal Hydrogen Bonding Network (35) ). The three-dimensional structural similarity was assessed using the programs DALI (37) and VAST (38, 39) , and the hits were evaluated using r.m.s.d. divided by the number of aligned residues (r.m.s.d./N align ) as described elsewhere (40) . The program Consurf (41) was employed to identify functionally important regions on the surface of the protein, based on the phylogenetic relations between close sequence homologues to Grx4.
Protein Data Bank Accession Number-The coordinates of the 20 energy minimized conformers of Grx4 were deposited in the RCSB Protein Data Bank, with the accession number 1YKA.
RESULTS
The Solution Structure of Grx4 -The high resolution structure of Grx4 was calculated from experimental constraints (Table I) by the structure calculation program ARIA (30) . Grx4 was completely assigned except for the 4 N-terminal residues, for which no amide proton resonance was observed, and Pro 25 , where no resonances were observed, most likely due to broadening by exchange in cis-trans isomerization. The 10 lowest energy structures were chosen to represent the NMR structure of Grx4 (Fig. 1A ). An evaluation of the structure statistics of the ensemble (Table I) shows a well defined core domain, where the r.m.s.d. values for the regular secondary structure and the backbone heavy atoms of the ensemble were 0.49 and 0.58 Å, respectively. Within this core domain, which comprises residues 5-115, 84% of the residues are well distributed in the most favored region in the Ramachandran plot. The N-terminal 4 residues were unassigned due to rapid amide exchange and are therefore not included in the structure statistics. Long and medium range NOEs are well distributed over the entire protein (see Supplemental Material).
Grx4 has a glutaredoxin/thioredoxin-like fold, which consists of a four-stranded ␤-sheet, flanked by five ␣-helices (Fig. 1A) . Regular secondary structure elements were identified for resi- Well ordered side chains (r.m.s.d. Ͻ 1) are predominantly found in the core, or are partly buried (Fig. 1B) . Seven well ordered side chains are exposed (Ͼ30%), including Gln 54 and Pro 56 , in an exposed loop preceding ␣ 3 , Pro 69 , which is strictly conserved within the monothiol family, and residues 38, 42, 89, and 92, in the exposed C-terminal parts of ␣ 2 and ␣ 4 (Fig. 1B) . A set of 26 residues with side-chain solvent exposures of Ͻ10% defines the core of Grx4 ( Fig. 2A) . This core includes all of ␤ 1 , one face of ␣ 2 , ␤ 3 and the preceding loop, and the conserved GG glutaredoxin signature sequence (17) 33 ) is located on the molecular surface, N-terminal to ␣ 2 , and appears partially disordered in the structure ensemble. Indeed, NOEs are scarce for both the active site and several preceding residues, which may be due to conformational exchange and/or to the exposed nature of the loop. However, parts of the active site region are rigid, as suggested by the cis-conformation adopted by Pro 72 , which is in close spatial proximity. The cis-peptide conformation was deduced from the presence of sequential d ␣␣ and the absence of sequential d ␣␤ NOE between residues 71 and 72. A corresponding cis-Pro close to the active site is found in most glutaredoxins/thioredoxins and is thought to play a role in folding and redox dynamics (15) . Furthermore, a distinct hydrogen bond between Cys 30 NH and Lys 22 OЈ, and a reciprocal tentative hydrogen bond linking the side-chain amide of Lys 22 with Cys 30 OЈ, could be important in determining the geometry of the CXFX tetrad and/or of the preceding loop. Indeed, a lysine at the corresponding position is fully conserved in all monothiol glutaredoxins (Fig. 2A) .
The surface of Grx4 shows two pronouncedly hydrophobic and elongated patches, positioned where the edges of the ␤-sheet exit from the protein core, but with a direction that is orthogonal to the sheet itself (Fig. 1C) . Although surrounded by a fairly even distribution of negative and positive charges, these patches are uncommonly large for a single-domain protein, and may reflect the narrow solution conditions accessible to NMR studies. The directional and elongated shape of these surfaces suggests that they could be of functional significance for protein interactions and/or oligomerization.
Structural Evaluation of Conserved Residues in the Monothiol Family-In addition to the conserved tetrad in the predicted active site loop, which is the key feature of the monothiol glutaredoxin family, a set of buried conserved residues in the protein core suggest a conserved sequence basis for a common structural scaffold (Fig. 2A) . The ␤ 1 -␣ 2 -␤ 3 -GG core described above, as well as the buried Ile 52 , are well conserved in both the monothiol and dithiol glutaredoxin family. Notably, however, the last residue in ␤ 1 , which is close to the active site, is strictly Met in the monothiol glutaredoxins, whereas smaller residues (Thr and Gly) are found in the corresponding dithiol position ( Fig. 2A ). An alternative start codon for the monothiol glutaredoxins at this conserved Met is, however, unlikely, because significant parts of the buried core would then not be included. In agreement with this, Grx4 21-115 is expressed as inclusion bodies (5) . Specific monothiol signature motifs include the anchoring of ␣ 3 to the core through a conserved (L/I)(P/K) residue pair, and of ␣ 1 and ␣ 5 , helices that are much shorter or nonexistent in the dithiol glutaredoxins, by conserved Ile, Leu, or Val residues. Because these core residues are distinct from the dithiol family, they may be required for the preservation of a monothiol fold.
In addition to the conserved core, several surface residues are nearly identical in sequence throughout the monothiol glutaredoxin family. A Consurf (41) analysis showed that most of (36) .
c Calculated with PROCHECK-NMR (34).
these exposed residues cluster together on the same face of Grx4 (22, 30 -33, 53 , 59, 69 -71, 85-86, and 89 (Fig. 2B) ), whereas only very few conserved residues are exposed on the opposite face (Fig. 2C) . The main cluster of conserved residues is located in direct contact with the suggested active site loop, implying a conserved substrate/ligand binding pocket in the monothiol family (Fig. 2B) . Conserved surface residues on the opposing Grx4 face (Fig. 2C) include residue Ala 66 , finalizing helix ␣ 3 , Glu 95 , capping helix ␣ 5 and Glu 79 , critical for forming the short ␤-sheet ␤ 4 , as well as residues 23 and 28, which form part of a surface-exposed loop preceding the active site. Notably, the hydrophobic surface patches of Grx4 are not conserved throughout the monothiol family.
Comparison of Grx4 with Structurally Related Proteins-The structurally closest relatives of the monothiol Grx4 are found among dithiol glutaredoxins and glutathione S-transferases (GST) (Fig. 3) . Among published structures, the most similar proteins identified by DALI (37) include two dithiol glutaredoxins, glutaredoxin 1 (Grx1) from pig liver (42) (Fig. 3) , as well as several GSTs with structure similar to E. coli Grx2. The secondary structure elements and the active sites of Grx4 and Grx1 superimpose well; only the length of the secondary structure elements varies in some parts of the structures. Grx2 from E. coli and the GST proteins found in the DALI search have an N-terminal glutaredoxin domain similar to Grx4 as well as an additional C-terminal ␣-helical domain. The N-terminal glutaredoxin domain of Grx2 aligns well structurally with Grx4, although Grx2 lacks an N-terminal helix found in Grx4, and connects to its C-terminal domain by a loop at the position of ␣ 5 in Grx4. The active site in Grx2 is positioned similarly as the CXFX monothiol sequence in Grx4, but while the C-terminal domain of Grx2 wraps up close to the side of the glutaredoxin domain, covering the Grx2 active site, the Grx4 monothiol sequence is surface-exposed and partially disordered. A VAST (38, 39) search also ranked Grx1 from pig liver as the structure most similar to Grx4, but also identified Grx3 from E. coli (r.m.s.d./N align ϭ 0.031) as a structural ho- The ␤-sheet backbone is navy blue, whereas helices are gray to improve the clarity of the figure (C). The hydrophobic surface of Grx4 is displayed in green, negatively charged residues in red, and positively charged ones in blue. The orientation of Grx4 in C is also displayed as a schematic. The graphics were generated using MOLMOL (36).
mologue. Grx3 from E. coli contains all helices but the Nterminal ␣ 1 in Grx4 and instead starts with a ␤-strand corresponding to ␤ 1 in Grx4. Furthermore, Grx4 is structurally similar to the glutaredoxin domain of peroxiredoxin 5 from Haemophilus influenza, two GST proteins, and the human glutaredoxin-like protein SH3BGRL3. The thioredoxin proteins were not identified as closely structurally related to Grx4, most likely because the thioredoxins have an additional Nterminal ␤-strand not found in Grx4 or other glutaredoxins.
Conserved Surface Features in Grx4 Suggest a Conserved
Monothiol Ligand Binding Mode-Although no structure of a glutathionylated monothiol glutaredoxin is yet available, a comparison of the conserved surface features with the glutathione binding pattern of Grx3 (17) and Grx1 (18) suggests that Grx4 adopts a mode of glutathione binding similar that of Grx3. The glutathione binding residues of Grx3 are identical in Grx4 (Fig. 4A) , despite the relatively low sequence homology of the two proteins (27%). Furthermore, despite the differences in . B and C, the surface amino acid conservation of Grx4 calculated by Consurf, active site in yellow, conserved residues in purple, conserved substitutions in pink, and non-conserved residues in light gray. The orientations of Grx4 are indicated by ribbon representations, where B and C are rotated by z Ϫ 180°with respect to each other. The alignment was constructed using the programs ClustalW (48) and ESPript (49) . The graphics were generated using MOLMOL (36) .
helical extent and relative helix orientations between the two proteins, the relative surface positioning of the conserved glutathione binding residues is remarkably similar and forms a tentative interaction surface of similar size and extent (Fig. 4,  B and C) . Only one small difference is notable: whereas in Grx3 the GG motif is exposed and participates in glutathione binding, the same residues in Grx4 are buried and hidden behind the exposed Trp 68 , which is strictly conserved in monothiol glutaredoxins. In contrast, the glutathione-binding surface of E. coli and human Grx1 is significantly more compact and has FIG. 3 . Ribbon representation of Grx4 and proteins with high structural similarity. A, Grx4 from E. coli; B, Grx1 from pig (PDB code 1kte); C, Grx2 from E. coli (PDB code 1g7o); D, Grx3 from E. coli (PDB code 3grx); and E, Grx1 from E. coli (PDB code 1grx). The polypeptide backbone is shown in gray, the helices corresponding to ␣ 1 -␣ 3 in Grx4 in dark red, ␣ 4 -␣ 5 is light red, and the four strands are blue. The C-terminal domain of Grx2 is shown in yellow. The graphics were generated using MOLMOL (36).
FIG. 4.
Comparison of residues involved in glutathione binding. A, alignment of E. coli Grx4, Grx3, and Grx1. Secondary structure in all proteins are displayed on the sequences (␣-helices: red boxes; ␤-strands: blue boxes), and the labeling of the Grx4 secondary structure elements is at the top. Glutathione binding surfaces of Grx4 (suggested) (B), E. coli Grx3 (17) (C), and E. coli Grx1 (D) (18) . Conserved residues are colored according to function: The Cys (green) forms a disulfide bond to the glutathione in Grx3 and Grx1, conserved Arg and Lys residues form salt bridges to the C-terminal Gly of glutathione in Grx3 (blue) (the corresponding Arg in Grx1 is not involved in ligand binding), a Gly-Gly pair (orange), a Thr and a Phe/Tyr (yellow) shape the glutathione binding groove on the Grx3 protein surface, and an Asp (red) provides complementary charges in Grx3 and Grx1 for ␥-Glu GS. Remaining residues involved in glutathione binding in Grx1 are shown in dark gray. Grx4 Trp 68 , which is strictly conserved in monothiol glutaredoxins, and the corresponding residue in Grx3 (Arg 49 ) are displayed in purple. a more pronounced groove-like appearance (Fig. 4D) . The strict conservation of the Grx3-like glutathione binding motif ( Fig.  2A) suggests that monothiol glutaredoxins across a wide range of species bind glutathione similarly, and that Trp 68 may actively participate in ligand binding.
Structural Evaluation of MALDI Data Describing Changes in Grx4 on
Glutathionylation-The careful choice of MALDI experiments, which revealed the activity of thioredoxin reductase on glutathionylated, oxidized Grx4 (5), also reveals important structural features involved in the redox cycle of this protein. Grx4 contains 3 cysteines, one of which is located in the monothiol tetrad (Cys 30 ). Our previous experiments revealed the possibility of disulfide formation on glutathionylation (5). In short, thioredoxin reductase was shown to reduce an internal Grx4 disulfide, but leaving only one cysteine accessible to iodoacetamide (IAM) modification; Grx1 by itself was able to deglutathionylate one Cys in Grx4, leaving one Cys inaccessible; and finally, pre-treating Grx4 with TrxR before adding Grx1 lead to the formation of three free thiols (5) .
When interpreted in the context of the present Grx4 structure, the previous MALDI results consistently suggest structural changes on glutathionylation and concomitant disulfide formation (Fig. 5) . First, Cys 30 is assumed to be covalently attached to glutathione, as is highly suggestive based on the conservation of the binding site. The other two cysteines, Cys 43 and Cys 84 , must then be disulfide-linked in oxidized Grx4. In the reduced protein, Cys 43 and Cys 84 are positioned on the opposite ends of helices 2 and 4, with a distance of 14 Å. The formation of a disulfide on oxidative glutathionylation must therefore be related to a structural change, either by partial unfolding of either or both helices 2 and 4, or by slight relative reorientation of these helices so that the opposing ends come closer to each other (Fig. 5) . The reduction by thioredoxin reductase of GS-Grx4 reduces the internal disulfide bond, but cannot remove the glutathione, and allows for IAM modification of only one cysteine (5). In contrast, TrxR treatment of deglutathionylated Grx4 results in IAM modification on all cysteines. In the structure of Grx4, Cys 84 is close to the suggested glutathione-binding surface, and could well be buried on glutathionylation. Thus, the mono-IAM modification resulting from TrxR treatment of GS-Grx4 is likely due to burial of Cys 84 on glutathionylation.
DISCUSSION
The quest for the biological function of the monothiol glutaredoxins has been a rational behind the current solution structure determination of Grx4. Accumulating evidence demonstrate that monothiol glutaredoxins are essential in both E. coli and yeast (5, 6) . Their conserved occurrence in higher order genomes suggests that any common functionality in this subfamily is likely to be of general importance for fundamental biological mechanisms, such as cellular defense against oxidative stress. However, despite several attempts to reveal the functionality of the monothiol glutaredoxins (5, 20, (22) (23) (24) , their main biochemical activity is still unknown.
The structure of Grx4 allows for a more detailed evaluation of the role of conserved residue patterns in the monothiol family than is possible from sequence alignment alone. First, it is clear that the buried core of Grx4 is nearly identical in all monothiol glutaredoxin sequences identified to date, thus suggesting a closely conserved core-stabilized fold. The structure is closely related to the well known thioredoxin/glutaredoxin fold, including specific local structure patterns such as a conserved ␤-bulge and a cis proline close to the active site. These similarities are also supported by the near-equal thermodynamic properties of Grx4 with the dithiol Grx1 in thermal unfolding experiments (5) . Although the extent of secondary structure elements and the number of helices varies considerably within the dithiol thioredoxin/glutaredoxin fold family, all but the monothiol glutaredoxin of Legionella pneumophila are predicted to contain helices ␣1-␣5, and the residues in the ␤-sheet are nearly identical (Fig. 2A) . Together with the observed high conservation of core residues, where residues from all secondary structure elements participate, the tertiary structure of Grx4 is most likely well conserved within the monothiol glutaredoxin family, perhaps even better conserved than the dithiol glutaredoxin fold.
Surface-conserved residues in the monothiol family form a pronounced surface patch surrounding the CXFX tetrad. Remarkably, several of these exposed residues are both identical to and have similar structural position as glutathione-interacting residues in the E. coli mixed disulfide Grx3-SG, which is formed with the first cysteine in the dithiol CPXC active site. Thus, of the 3 cysteines present in Grx4, glutathione should be attached to the cysteine in the CXFX tetrad. The remarkable surface conservation among monothiols suggests that they are all able to employ the same cysteine to form a mixed disulfide with glutathione. Thus, a common glutathione-interacting mechanism is conservatively built into the monothiol glutaredoxin fold in a wide range of species.
The monothiol glutaredoxins display additionally conserved (1) is oxidized by oxidized GSH resulting in formation of one intramolecular disulfide bridge (Cys 43 and Cys 84 ) and one GS-mixed disulfide on Cys 30 (2) . The intramolecular disulfide can be formed either by relative reorientation of ␣ 2 and ␣ 4 (2a) or by complete/partial unfolding of ␣ 2 and ␣ 4 (2b). Reduction of oxidized Grx4 by TrxR leads to breakage of the intramolecular disulfide (3), whereas Grx1 by itself or in combination with TrxR reduces Grx4 completely (1) .
residues close to the presumed active site loop, which are likely to contribute to specific monothiol-type glutathione-dependent glutaredoxin activity. These residues include the strictly conserved WP motif, represented in Grx4 by residues Trp 68 and Pro 69 , which is absent in Grx3 and indeed in all dithiol glutaredoxins and thioredoxins. On the Grx4 surface, Trp 68 is located in a similar position as Arg 49 in Grx3, where the guanidino group provides a complementary charge for the ␣-carboxylate in ␥-Glu GS (17) . The side-chain NH of Trp 68 could fulfill a similar but not identical role in Grx4, most likely resulting in altered glutathione orientation and/or stability. Furthermore, Pro 69 , its surface neighbor, cannot form hydrogen bonds, in contrast to the corresponding Thr 50 in Grx3 (17) . Thus, although the surface conservation of residues Lys 22 , Arg 59 , and Thr 70 with glutathione-binding residues in Grx3 suggests that the anchoring of the Gly GS is nearly identical in monothiol and dithiol glutaredoxins, the anchoring of the ␣-carboxylate in ␥-Glu GS should be slightly different in monothiol and dithiol glutaredoxins. Furthermore, in the dithiol Grx3, its charged residues Arg 16 and Asp 66 as well as Tyr 13 in the dithiol active site tetrad were suggested to anchor ␥-Glu GS upon GSH reduction of Grx-SG in monothiol glutaredoxins, and movement of Tyr 13 , as observed by the breaking of a hydrogen bond with the phenolic oxygen, was proposed to play an active role in displacing the subsequently formed oxidized GSH from the active site (17) . Notably, neither of these residues is conserved in Grx4 (Fig. 4) or in other monothiol glutaredoxins (Fig. 2) suggesting that a second binding site for GSH may be absent. Furthermore, the monothiol CXFX motif has a Phe in the position corresponding to the suggested active site Tyr in dithiol glutaredoxins, thus precluding the suggested hydrogen-bond switch. Two strictly conserved exposed residues in the monothiol glutaredoxins remain that have no correspondence in Grx3: Ile 86 and Glu 89 , which are positioned on the edge of the conserved surface. Possibly, these residues could be involved in specifying novel mechanisms for molecular recognition in the reduction and/or catalytic activity of monothiol glutaredoxin glutathione mixed disulfide complexes, and even be a prerequisite for TrxR reduction.
Although strikingly similar, the small variation in the glutathione-binding surface between monothiol and dithiol glutaredoxins may reflect their difference in functionality. First, Grx4, as well as other monothiol glutaredoxins, does not catalyze the reduction of a GS-␤-mercaptoethanol mixed disulfide, as shown by the lack of activity in the HED assay (5, 22, 23) . Notably, an engineered monothiol glutaredoxin derived from the dithiol Grx1 (Grx1 C14S) could perform this function (18) . Similar results were obtained with the other two glutaredoxins from E. coli. 2 This suggests that the reduction of GS-␤-mercaptoethanol mixed disulfide requires sequence constraints elsewhere than in the active site tetrad, requirements that may specify the interaction and stability of mixed disulfide transition intermediates. Indeed, the lack of activity of the monothiol yGrx5 in the HED assay has been explained in terms of low reactivity with GSH (23) . This is in excellent agreement with the observed lack of surface conservation in the suggested second GSH-binding site, as described above.
The lack of classic glutaredoxin activity in monothiol glutaredoxins could imply that a partner protein would be required for full functionality. This would be in analogy with the GST-like protein E. coli Grx2, where the C-terminal helical region has an occluding effect on the active site that is thought to be important for substrate specificity (15) . However, surface conservation among monothiol glutaredoxins, which could indicate a binding site for a partner protein, is absent outside the suggested glutathione binding site. This suggests that the monothiol glutaredoxin motif, although part of several multidomain proteins, functions as an individual domain and does not require a conserved partner protein for full function.
Upon glutathionylation of Grx4, an internal disulfide is formed (5 positions are conserved in the genomes of all species with only a single monothiol glutaredoxin motif, whereas in Saccharomyces cerevisiae, only Grx5 maintains these conserved positions.
The required magnitude of structural changes on Grx4 oxidation contrasts with previous observations of the human and E. coli thioredoxins as well as E. coli Grx3, where the changes observed between oxidized and reduced forms are subtle and local (17, 43) . Sequence constraints limit Grx4-like disulfide formation on glutathione binding to the E. coli and Haemophilus influenzae monothiol glutaredoxins ( Fig. 2A) , and the L. pneumophila may well form an internal disulfide between residues corresponding to Ala 39 and Cys 43 in Grx4 ␣ 2 . However, it should be noted that oxidation of 3 cysteines, as in Grx4, is generally a three-step reaction where creation of an intramolecular disulfide via an unstable mixed disulfide intermediate involving two closely situated cysteines is followed by formation of a mixed disulfide on the third cysteine (44) . Thus, the structural change on glutathione binding that allows for intradisulfide formation is likely to occur also in other monothiol glutaredoxins. In the several monothiol glutaredoxins with only one or no cysteines outside the CFXF tetrad, glutathionylation could still promote further interactions by revealing new interaction patches. Considering that the internal disulfide of E. coli Grx4 could be a substrate of TrxR, and, as such, would represent an interface between the thioredoxin and glutaredoxin systems (5), one could even conceive of the region involving these 2 cysteines as an active site region of Grx4. It is therefore interesting that the surface-exposed side chains in the region between the 2 cysteines on the surface of ␣ 2 and ␣ 4 in Grx4 are surprisingly well ordered (Fig. 2B) . The structure of Grx4 thus suggests that, both from a molecular and biological perspective, the main active region of the monothiol glutaredoxins may be situated elsewhere than in the CXFX tetrad.
Although the suggested magnitude of structural change in Grx4 on oxidation exceeds that which has previously been observed for dithiol glutaredoxins, recent data have put forward redox mechanisms that involve large changes in quaternary structure. The Zn 2ϩ -dependent redox switch domain of the chaperone Hsp33, resembling a nascent thioredoxin-like domain, is proposed to be activated for disulfide bonding by the removal of bound zinc that disrupts the folded structure, resulting in Hsp33 dimer formation (45) . In tryparedoxin peroxidase in the thioredoxin superfamily, a difference in quaternary structure from dimer (oxidized form) to decamer (reduced form) has been observed, although with minor structural changes within the thioredoxin domain (46) . Oligomerization may well be part of the functionality of Grx4 even without inter-domain disulfides, considering the significant hydrophobic surfaces in the Grx4 structure, and the limited buffer conditions available for the current study. In monothiol glutaredoxins with only 1 cysteine in addition to that in the CXFX tetrad, a structural change on glutathionylation could induce mixed disulfide formation with specific targets or in oligomerization events. Indeed, such events could also be involved in folding/unfolding. Recently, E. coli thioredoxin and thioredoxin reductase were found to interact with unfolded and denatured proteins, in a manner similar to that of molecular chaperones that are involved in protein folding and protein renaturation after stress (47) .
The present work describes the first solution structure of a natural monothiol glutaredoxin, Grx4, with high similarity to other members of this protein family, present in many living organisms and apparently essential. They have been shown to be involved in the formation of iron-sulfur clusters in proteins and to participate in antioxidant responses (6) , and they may regulate signal transduction pathways by affecting the activity of protein kinases (20) . The present study contributes to the molecular understanding of monothiol functionalities, in particular with regard to glutathionylation and disulfide formation. These molecular mechanisms form the basis for the role of monothiol glutaredoxins in the cellular defense against oxidative stress and relate monothiol glutaredoxins to atherosclerosis, aging, and Alzheimer's and Parkinson's diseases. Further studies of this protein family will be essential to fully understand their functionalities in the complete molecular environment of the cell.
